Acute kidney after cardiac surgery is more common in anaemic patients, whereas haemolysis during cardiopulmonary bypass may lead to iron-induced renal injury. Hepcidin promotes iron sequestration by macrophages: hepcidin concentration is reduced by anaemia and increased by inflammation. We analysed the associations in 525 patients between pre-operative anaemia (haemoglobin < 130 g.l À1 in men and respectively, p = 0.002. Four variables were independently associated with postoperative kidney injury, for which the beta-coefficients (SE) were: minutes on cardiopulmonary bypass, 0.016 (0.004), p < 0.001; intraoperative hepcidin concentration, 0.032 (0.008), p < 0.001; pre-operative anaemia, 1.97 (0.56), p < 0.001; and Cleveland clinic risk score, 0.88 (0.35), p = 0.005. Contrary to generally increased rates of kidney injury in patients with higher hepcidin concentrations, rates of kidney injury in anaemic patients were lower in patients with higher hepcidin concentrations, beta-coefficient (SE) À0.037 (0.01), p = 0.007. In cardiac surgical patients the rate of postoperative acute kidney injury predicted by the Cleveland risk score might be adjusted for pre-operative anaemia and intra-operative cardiopulmonary bypass time and hepcidin concentration. Pre-operative correction of anaemia, reduction in intra-operative bypass time and modification of iron homeostasis and hepcidin concentration might reduce acute kidney injury.
Introduction
Acute kidney injury after cardiac surgery is common and it is independently associated with increased morbidity and mortality [1] [2] [3] . The rate of postoperative acute kidney injury in anaemic patients is four times the rate in patients who are not anaemic, which might be mediated by abnormal iron homeostasis [2, [4] [5] [6] [7] .
The toxicity of serum iron that is not bound to transferrin results from the generation of reactive oxygen species [8] [9] [10] [11] . Each day, macrophages haemolyse around one in a hundred erythrocytes and release transferrinbound iron into the bloodstream [12] . Haemolysis during cardiopulmonary bypass may exceed the binding capacity of transferrin and result in oxidative renal injury [6, [8] [9] [10] [11] [13] [14] [15] . Hepcidin promotes the sequestration of iron by macrophages [16, 17] . Erythropoiesis, stimulated for instance by anaemia, and low iron levels block the transcription of the hepcidin gene [18] . On the other hand, inflammation promotes hepcidin production, preventing iron from entering the bone marrow and directly contributes to anaemia of chronic disease [19] . Hepcidin concentration may influence the rate of acute kidney injury after cardiac surgery, but the interplay between iron stores, haemolysis, anaemia and inflammation is likely to make the relationship complex.
We conducted this retrospective observational study to explore the relationship between pre-operative anaemia, intra-operative hepcidin concentration, and postoperative acute kidney injury in a cohort of cardiac surgical patients.
Methods
The Toronto General Hospital research ethics board approved this retrospective analysis of patients who underwent cardiac suregry with cardiopulmonary bypass and had their postoperative hepcidin concentration measured between January 2013 and July 2013 [14] . We did not study patients on renal replacement therapy before surgery and those who did not have creatinine measured before or after surgery.
During cardiopulmonary bypass, blood was passed through phosphorylcholine-coated circuits. We re-infused shed pericardial blood for as long as the patient was anticoagulated. Cell salvage was used at the discretion of the clinical team. We routinely gave tranexamic acid. We used a protocol to determine the transfusion of blood products: we transfused allogeneic red cells when haemoglobin concentrations were < 70 g.l À1 during bypass, < 80 g.l À1 after bypass and < 90 g.l À1 in unstable or bleeding patients [20, 21] . All samples were analysed without knowledge of the clinical data.
We defined acute kidney injury as a creatinine concentration > 26.4 lmol.l À1 or an increase by > 50% during the first two postoperative days, or postoperative renal replacement therapy before discharge [22] . We defined anaemia as pre-operative haemoglobin concentrations < 130 g.l À1 in men and < 120 g.l À1 in women [20] . We defined a complex procedure as any other than isolated coronary artery bypass or single-valve surgery. We explored the unadjusted relationship between hepcidin concentration and acute kidney injury, in the entire sample as well as separately for anaemic and non-anaemic patients using cubic spline curves and Spearman's rankorder correlation. We categorised hepcidin concentration as low if < 75th percentile and high if ≥ 75th percentile.
We compared patient characteristics and outcomes for the two groups defined by this threshold with the chi-squared or Fisher's exact test and Wilcoxon two-sample tests.
We used univariable and multivariable logistic regression to assess the associations of anaemia and hepcidin (both as a continuous and binomial variable) with acute kidney injury. We included covariates in the multivariable logistic regression model that were related (p < 0. (Table 3) .
These findings are summarised in Table 4 .
Discussion
In an observational study that included 525 cardiac surgical patients, we explored the association of intraoperative hepcidin concentrations with the rate of postoperative acute kidney injury in anaemic and nonanaemic patients. We found that anaemia and high hepcidin concentrations were independently associated with increased rates of acute kidney injury. We also found a significant interaction between the two variables, such that the rate of acute kidney injury in anaemic patients was less with high hepcidin concentrations.
The development of acute kidney injury after cardiac surgery depends on a complex interplay of factorspatient and surgical -that culminate in renal hypoxaemia, inflammation and oxidative stress [2, 21] . Extravascular haemolysis during cardiopulmonary bypass and the transfusion of erythrocytes release iron from macrophages that results in oxidative renal injury [6, [8] [9] [10] [11] [13] [14] [15] . Hepcidin may reduce oxidative renal injury by promoting the sequestration of iron inside macrophages [16, 17] . Free haemoglobin may also mediate acute kidney injury, concentrations of which would increase with haptoglobin depletion following intravascular haemolysis, a mechanism that hepcidin is unlikely to affect [15] . In our study, haptoglobin concentration was not independently associated with postoperative acute kidney injury.
In a mouse model, exogenous hepcidin administration limited kidney injury associated with hepcidin deficiency [27] . Several human studies have reported an association between increased urinary hepcidin excretion and reduced kidney injury, supporting the hypothesis that hepcidin limits kidney injury [28] [29] [30] . However, these studies do not provide information on the association of systemic hepcidin concentration and kidney injury as hepcidin is produced in the kidney [5] . Pre-operative serum hepcidin concentrations ≥ 20 ng.mL À1 have been associated with decreased survival in 165 patients after cardiac surgery [31] . However, patients with higher hepcidin concentrations also had higher markers of iron load, which may have been predisposed to iron-induced renal injury. Thus, Hepcidin (ug/l) Figure 1 The rate (95%CI) of acute kidney injury after cardiac surgery in 525 patients as a function of intraoperative hepcidin concentration, for: all patients ( ); and patients who were ( ) or were not ( ) anaemic pre-operatively. existing studies highlight the complex relationships between anaemia, hepcidin-mediated iron metabolism and adverse outcomes.
Our study has several limitations. First, we did not analyse hepcidin concentrations before or after surgery and we did not measure urinary concentrations.
Second, as with any small observational study, our results are vulnerable to unmeasured confounders: in particular, we could not diagnose the causes of preoperative anaemia, which influence hepcidin concentrations [32] . Large multi-centre trials would more precisely determine the association of serial urinary and serum hepcidin concentrations with clinically-relevant perioperative outcomes and their interactions with other peri-operative factors.
In summary, in cardiac surgical patients, the rate of postoperative acute kidney injury predicted by the Cleveland risk score might be adjusted for pre-operative anaemia and intra-operative cardiopulmonary bypass time and hepcidin concentrations. Pre-operative correction of anaemia, reduction in intra-operative bypass time and modification of iron homeostasis and hepcidin concentration might reduce acute kidney injury [32, 33] . Table 3 Rates of acute kidney injury after cardiac surgery in 525 patients, categorised by pre-operative anaemia and intraoperative hepcidin concentration, and the associated odds ratios (ORs) (95%CI) adjusted for red cell transfusion, Cleveland Risk score and sex.
